The pathogenesis of infection induced by cytopathogenic isolates from the newly identified genetic cluster Id of bovine viral diarrhea virus (BVDV) type I was studied in two experimental infections of previously seronegative, immunocompetent calves. Experiment 1 focused on the evaluation of clinical patterns, viremia, and serological responses. All infected calves in this experiment developed respiratory symptoms and seroconverted to BVDV positivity. Contact calves also contracted a respiratory tract infection following exposure to infected animals. Viremia was demonstrated between postinfection days 2 and 17, and the virus was detected in organ specimens of all but one each of the infected and contact calves. In experiment 2, the distribution of BVDV in various tissues of calves euthanized at defined days postinfection was studied. In two of these calves recurrent shedding of BVDV in nasal secretions was shown. BVDV was detected in various tissues of all infected calves throughout the experiment and also following seroconversion and the clearance of BVDV from the circulatory system. Despite the widespread distribution of the virus in various organs, significant tissue damage was found mainly in respiratory tract and lymphoid tissues. These experiments revealed that viruses from cluster Id of BVDV are able to induce primary respiratory disease in previously seronegative, immunocompetent calves. Contact transmission and virus recurrence, contrary to observations from acute experimental infections with noncytopathogenic BVDV, are likely to reflect differences in biological features of these cytopathogenic isolates. Virus shedding and its presence in tissues following peripheral clearance and in the presence of antibodies may have implications in the diagnosis, pathogenesis, and epidemiology of BVDV-induced syndromes in cattle.
Bovine viral diarrhea virus (BVDV) is a member of the genus Pestivirus, which also includes classical swine fever virus and border disease virus, within the family Flaviviridae (34) . The genome of BVDV is a positive-sense RNA of about 12.5 kb in length and encodes a single large polyprotein, which is co-and posttranslationally processed into mature viral proteins by host cell-and virus-encoded proteases (31) .
Genetic typing has shown that BVDV strains can be segregated into two genotypes, BVDV type I and BVDV type II (Pestivirus type 1 and type 4, respectively, in the new proposed division of pestiviruses) (4, 23, 24, 27, 33) . BVDV type I has been further subdivided genetically and serologically into subgroups Ia and Ib (22, 23, 24, 32) . Further genome characterization studies have shown an extensive antigenic and genetic diversity among BVDV type I strains (3, 5, 22, 23) . Strain heterogeneity and differences in pathogenicity may have a determinant role in the pathogenesis and clinical outcome of infections induced by BVDV.
On the basis of their ability to induce a cytopathic effect on cell cultures, BVDV strains are divided into a cytopathogenic (cp) biotype and a noncytopathogenic (ncp) biotype. The majority of acute infections are caused by the ncp biotype, while the cp biotype is commonly isolated, together with the ncp biotype, in animals suffering from mucosal disease (MD) (19) . This fatal condition develops when animals persistently infected (PI) with an ncp strain are superinfected with a cp strain that is either of exogenous origin or arises from genetic changes in a resident ncp virus (reviewed in 18) .
Acute infections of seronegative immunocompetent cattle with BVDV type I are often subclinical or result in mild disease. Clinical signs of acute infection include fever, leukopenia, nasal discharge, diarrhea, erosions in the oral mucosa, and immunosuppression (reviewed in 1). This immunosupression has been documented to enhance susceptibility to infection with secondary pathogens such as the ones causing respiratory disease (reviewed in 26). The production of neutralizing antibodies and clearance of the virus are the normal outcome of acute infections (1) .
Most studies on the in vivo biological effects of cp BVDV have mainly focused on their role in combination with ncp BVDV in the induction of MD (11, 12, 13, 16, 20) . We have previously identified two new genetic clusters within BVDV type I, distinct from subgroups Ia and Ib, and have preliminarily termed them clusters Ic and Id (3). Of these, cluster Id viruses were found to be predominantly associated with field cases of respiratory tract disease in local cattle from the southern part of Africa (3). To define in vivo biological features of these viruses under controlled conditions, we have characterized here two cp isolates representative of cluster Id but not associated with classical MD. The clinical, virological, and serological responses following infection of previously seronegative, immunocompetent calves were evaluated in the first experiment. In the second experiment, the distribution of virus in different tissues of experimentally infected calves was studied.
MATERIALS AND METHODS

Cells and viruses.
Secondary bovine turbinate cells were grown in Eagle's minimum essential medium supplemented with 10% fetal calf serum (FCS). The cells and serum were tested to ensure their freedom from adventitious contamination with BVDV, and the FCS was found to be free from antibodies against BVDV. The cp isolates Mo1 and Mo2, referred to as M1118-8CK/95 and M1096-5IN/95 in a previous work (3), were propagated on these cells maintained in Eagle's minimum essential medium with 2% FCS at 37°C and 5% CO 2 . Prior to infection of calves, the inocula were checked to ensure that they were free from bovine respiratory syncytial virus (BRSV), bovine herpesvirus type 1 (BHV-1), and bovine adenoviruses (BAV) by using our previously developed reverse transcription-PCR (RT-PCR) and PCR procedures (28; K. Ö hman-Forslund, personal communication).
Calves. The calves were of the Holstein-Friesian breed, 2 to 3 months old, and of either sex. They originated from a single BVDV-free farm and were kept in isolation for 2 weeks prior to infection. Nasal swabs, white blood cells (WBCs), and sera from all of the calves were tested by RT-PCR for BVDV at days Ϫ15, Ϫ5, and 0 to confirm the absence of BVDV infection. Nasal swabs taken from all of the calves at day Ϫ5 preinfection were tested for BRSV, BHV-1, and BAV, as indicated above.
Preinfection sera were tested for antibodies to BVDV in an indirect enzymelinked immunosorbent assay (ELISA) (SVANOVA Biotech, Uppsala, Sweden) to confirm the seronegative status of the calves.
Experimental infections and sampling. (i) Experiment 1. Twelve calves were allocated into three groups-I, II and III. Each group was kept in an isolated room, and the calves were individually tethered. Group I contained five calves, of which two (no. 30 and 31) were infected intranasally and two (no. 33 and 34) were infected intravenously, each with 2 ml of cell culture supernatant containing 10 6 50% tissue culture-infective doses (TCID 50 ) of isolate Mo1. Group II also contained five calves, of which two (no. 35 and 36) were infected intranasally and two (no. 37 and 38) were infected intravenously, each with 2 ml of cell culture supernatant containing 10 5 TCID 50 of isolate Mo2. The fifth calf in each group (no. 32 [group I] and 39 [group II]) remained uninfected but in contact with the infected calves. Group III contained two calves (no. 40 and 42) that were each mock infected with 2 ml of culture medium from noninfected bovine turbinate cells as controls. The calves were monitored daily for clinical signs, and rectal temperatures were determined throughout a 30-day observation period. Nasal swabs were collected from all calves at postinfection days 1, 2, 4, 7, 11, 15, 21, and 30. At days 1, 4, 11, 15, 21, and 30 postinfection, blood samples for sera and EDTA anticoagulated blood were collected for isolation of peripheral WBCs. At the end of the observation period, all of the calves were euthanized, and a set of specimens from nine different tissues was collected from each calf and frozen at Ϫ70°C until use.
(ii) Experiment 2. Ten calves were each infected intranasally with 5 ml of cell culture supernatant containing 10 6 TCID 50 of BVDV isolate Mo1. The calves were kept in isolation during the course of the experiment. A control calf was euthanized at day 0 to provide tissues from a noninfected animal. At days 2, 3, 5, 7, 10, 12, 14, 17, 19, 21 and 31 postinfection, nasal swabs and blood with and without EDTA were collected from all calves. One infected calf was euthanized each day on days 3, 5, 7, 10, 12, 14, 17, 19, 21 , and 31 and examined for gross pathological changes, and a set of specimens from 26 different tissues was collected for each euthanized calf.
Detection of BVDV. (i) Isolation of BVDV.
Virus isolation was performed following standard procedures (9) . Prior to cell infection, nasal swabs were soaked in 2 ml of phosphate-buffered saline containing antibiotics, and WBCs were purified from whole blood by centrifugation on a Ficoll-Paque cushion. The tissue samples were homogenized in phosphate-buffered saline without Ca 2ϩ and Mg 2ϩ to obtain 10% (wt/vol) suspensions. Secondary cultures of bovine turbinate cells were inoculated with nasal swabs, WBC lysates, and tissue homogenates and passaged three times at weekly intervals.
(ii) Detection of BVDV genomic RNA. RNA was extracted from nasal swabs, WBCs, sera, and tissue homogenates using the TRIzol LS reagent (Gibco BRL) according to the manufacturer's instructions. Synthesis of cDNA was carried out by random priming and by using M-MLV RT (Gibco BRL). A nested PCR was used to amplify part of the 5Ј noncoding region (5ЈNCR) of the viral genome essentially as previously described (10) . Briefly, 50-l reaction mixtures with primers OPES13A (nucleotides 102 through 123 in the genome of BVDV strain NADL) and OPES14A (nucleotides 400 through 376 in NADL) were subjected to a program consisting of initial denaturation at 95°C for 2 min and 5 amplification cycles of 94°C for 45 s, 53°C for 1 min, and 72°C for 1 min, followed by 30 cycles of 94°C for 45 s, 48°C for 1 min, and 72°C for 1 min. A final extension at 72°C for 7 min was also included. The second PCR was performed using primers OPES11 (nucleotides 179 through 206 in NADL) and OPES12A (nucleotides 351 through 329 in NADL), and the cycling program was 95°C for 2 min for initial denaturation and 5 amplification cycles of 94°C for 45 s, 57°C for 1 min, and 72°C for 1 min, followed by 30 cycles of 94°C for 45 s, 52°C for 1 min, and 72°C for 1 min, ending with a final extension at 72°C for 7 min. The 169-bp specific PCR products were visualized by ethidium bromide staining following electrophoresis on 2% agarose gels. Precautions to avoid contamination were followed throughout the RT-PCR, as previously described (6) .
Detection of heterologous viruses. To rule out concurrent infections with other respiratory tract viruses, the following samples were tested by using our routine PCR assays to detect BRSV, BHV-1, and BAV (as Serology. Sera from consecutive samplings were tested in the same plate in fivefold dilutions starting from 1:10, using an indirect ELISA for BVDV (SVANOVA Biotech), following the manufacturer's instructions. End points were determined as the highest dilutions giving a corrected mean optical density at 450 nm that was higher than 0.2.
For BRSV, bovine coronavirus (BCV), parainfluenza 3 virus (PI3), and BHV-1, pre-and postinfection sera were tested at a single dilution on commercial antibody ELISA (SVANOVA Biotech). Tests for BAV antibodies were done using the Bio-X adenovirus 3 ELISA kit (Bio-X, Marche-en-Famenne, Belgium), following the manufacturer's instructions.
Seroconversion was considered to have occurred if calves with negative preinfection sera showed an optical density at 450 nm of 0.2 or higher in postinfection sera.
Gross and histopathological examinations. Gross pathological examination was done for experiment 2 only, following standard methodology. For histopathological examinations, tissue samples were placed into 8% buffered formaldehyde. Fixed tissues were embedded in paraffin, and 6-m sections were cut and stained with hematoxylin-eosin.
RESULTS
Clinical observations. In experiment 1, all infected calves had clinical symptoms. Figure 1A shows the clinical picture of representative animals, including one of the infected calves and the respective contact calf from each group. Isolate Mo1 (group I) induced mainly nasal discharge and fever (rectal temperatures above 39.8°C). One calf (no. 30) also showed ocular discharge, abnormal breathing, and coughing, and two calves (no. 30 and 33) had erosions in their oral mucosa. The clinical picture induced by isolate Mo2 (group II) was more pronounced and included ocular discharge, nasal discharge, fever, coughing, abnormal breathing, and lesions in the oral mucosa. Calves no. 36 and 38 also had transient diarrhea. The earliest symptom recorded was nasal discharge, while the remaining symptoms developed from day 7 on, in the majority of infected calves, regardless of the route of infection and the virus inoculated. The contact calves developed clinical symptoms from day 11 (no. 32 [group I]) and day 12 (no. 39 [group II]). These consisted of nasal discharge in the calf exposed to isolate Mo1, whereas the calf exposed to Mo2 showed symptoms as recorded for Mo2-infected calves. Both mock-infected control calves remained healthy.
In experiment 2, the main clinical signs recorded were nasal discharge, coughing, and fever. Similar to Mo1-induced symp- toms in experiment 1, there was an increased incidence of coughing and extended duration of fever, as shown in Fig. 1B . Two calves, no. 118 and 134, also showed erosion in the oral mucosa. Detection of BVDV. In the two experiments, viremia was demonstrated on at least two sampling occasions, between days 2 and 11 by virus isolation and between days 2 and 17 by RT-PCR. Viremia was detected more frequently by analysis of WBCs than of nasal swabs (Table 1) . In experiment 2, recurrent shedding of BVDV in nasal secretions was detected in two calves (no. 34 and 115) (Fig. 1B and Table 1 ).
When organ specimens were analyzed at the end of experiment 1, BVDV was detected in tissues from seven of the eight infected calves and from the two contact control calves by virus isolation and RT-PCR. The virus-positive tissues were bone marrow (in calves no. 30, 31, 32, 33, 35, and 37), nasal mucosa (in calves no. 31, 35, 36, and 39), lung (in calves no. 32, 35, and 39), spleen (calf no. 38), and the peribronchial lymph node (calf no. 39). Virus was not detected in tissues from the mockinfected calves. In experiment 2, BVDV was detected in organ specimens from all of the infected calves, regardless of the time point after infection, when the calves were euthanized. All types of tissues analyzed were found to contain virus by either virus isolation, RT-PCR, or both methods (Fig. 2) . More specimens were tested positive by RT-PCR alone than by virus isolation alone. BVDV was most frequently detected in (i) all lymphoid tissues, (ii) the conjunctiva and oronasal cavity (nasal mucosa, tongue, muzzle, and oral mucosa), (iii) respiratory tract (lungs and trachea), (iv) gastrointestinal tract (colon, ileocecal valve, rumen, and esophagus), and (v) urinary tract (kidney). Tissues like heart muscle, skin, bone marrow, liver, and brain were also found to harbor virus. In some cases, mostly from the gastroenteric tissue, BVDV was detected only after passages in cell cultures. Virus was still present in different tissues of calves euthanized at the end of the experiment, 31 days postinfection, when virus was no longer detected in blood cell fractions.
Detection of heterologous viruses. Nucleic acids of respiratory pathogens BRSV, BHV-1, and BAV were detected neither in the nasal swabs collected pre-and postinfection nor in the postmortem respiratory specimens analyzed.
Serology. All of the infected calves seroconverted to BVDV positivity during the course of the experiments, with serum antibody titers between 1:50 and 1:250. In experiment 1, antibodies to BVDV were detected in the sera of three of the infected calves from day 15 on (no. 30, 35, and 38) and later in the remaining infected animals. The two contact calves (no. 32 and 39) did not show detectable antibody levels to BVDV by the time they were sacrificed. The uninfected calves remained seronegative.
In experiment 2, BVDV antibody titers between 1:50 and 1:250 were detected in three of the four animals euthanized from day 17 on (no. 134, 34, and 115).
Testing of preinfection and postinfection sera for BRSV, PI3, BCV, BAV, and BHV-1 gave no indication of seroconversion to those pathogens during the course of the two experiments, except for one calf in experiment 1 (no. 37) which seroconverted to BCV positivity.
Gross and histopathological examinations. In experiment 2, the following main changes were observed at gross pathological examination. In the nasal cavity a serous exudate was seen. Petechial hemorrhages were observed in the tracheal mucosa. In the lungs focal catarrhal bronchopneumonia and focal atelectasis were detected. Examination of the oral cavity showed erosions on the tongue and cheeks. In the gastroenteric tract, erosions occurred in the abomasum, and mucus was present in the small intestine. The tonsils and the retropharyngeal, peribronchial, and mesenteric lymph nodes were enlarged in calves euthanized within the first days.
The changes found at histopathological examination are listed in Table 2 . The most relevant findings were the following:
(i) All lymphoid organs showed hyperplasia of germinal centers within the first 10 days postinfection, followed by lymphoid depletion and mitosis. In two calves (no. 34 and 115), lesions in the tonsils, retropharyngeal and peribronchial lymph nodes, and spleen were similar to those present in calves euthanized at early stages (days 3 and 5) of infection.
(ii) Apart from an eosinophilic infiltration in the intestinal submucosa, which was present in all infected calves, lesions in the gastroenteric tract were present at mid to late stage (from day 14) of infection. The eosinophilic infiltration was also present in Peyer's patches and ileocecal valves of calves euthanized up to day 10.
(iii) In the nasal cavity and trachea, acute catarrhal inflammation was seen up to day 10 and thereafter was a subacute inflammation.
(iv) The lungs of calves euthanized up to day 7 showed peribronchial lymphoid hyperplasia, whereas focal intralobular interstitial pneumonia was the predominant lesion thereafter.
DISCUSSION
The ability of BVDV to induce primary respiratory disease has for decades been a controversial issue. The immunosuppressive effect of BVDV has been considered determinant in facilitating secondary infections with potential respiratory tract pathogens such as PI3, BHV-1, or Pasteurella hemolytica (25, 26) . Mounting evidence from field cases has indicated a primary role of BVDV in production of respiratory tract disease (2, 30) ; however, experimental data supporting those observations have been limited. We have investigated the in vivo biological effects of two cp isolates of BVDV belonging to genetic cluster Id in immunocompetent calves, and we have shown that these viruses were able to induce a primary respiratory disease. The symptoms produced in infected calves were typical of a respiratory syndrome. As respiratory pathogens such as BRSV, PI3, BHV-1, and BAV were not found on examination of nasal swabs and of postmortem respiratory tissues, there is a strong indication that the respiratory symptoms developed by the infected calves were induced by the inoculated BVDV isolates. Absence of seroconversion to BRSV, PI3, BCV, BHV-1, and BAV further ruled out a concurrent infection with other respiratory viruses. When present, these pathogens may aggravate the picture, resulting in more severe symptoms and disease (25, 26) .
When the clinical symptoms induced by the two isolates were compared, infection with Mo2 resulted in a wider range of clinical manifestations, suggesting a difference in pathogenicity between the two isolates. The clinical reactions in the contact calves support this conclusion, since the calf contact exposed to Mo2 showed more pronounced symptoms of nasal discharge, coughing, abnormal breathing, and oral lesions. In Oral cavity Intraepithelial vesicles X X X Erosion with reparation X X X Perivascular lymphocytic inflammation in submucosa, focal degeneration in the epithelium, inclusions in the cytoplasm of epithelial cells X Esophagus Vacuolization in the stratum spinosum andcontrast, in the contact calf exposed to Mo1, the symptoms were limited to a brief period of nasal discharge. The differences in clinical manifestation do not appear to correlate with the infectious doses since isolate Mo2 at lower doses induced more pronounced clinical signs. Increasing the dose of Mo1 in experiment 2 (5 ϫ 10 6 TCID 50 ) resulted in extended duration of fever and increased incidence of coughing. Nevertheless, we judge the overall clinical picture to be closer to the results obtained in experiment 1 using the same virus than to those observed using isolate Mo2 in experiment 1.
The development of clinical signs and virus detection in the contact calves indicate that the two viruses were readily transmitted by contact, suggesting horizontal virus spread from an acute infection. Acutely infected animals are regarded as poor transmitters of virus, and experiments done with ncp BVDV strains have not shown this ability of contact transmission (21) . It is therefore speculated that the cp biotype replicates in the nasal mucosa to a higher titer than the ncp biotype, resulting in efficient spread to susceptible animals.
Viremia was more frequently detected based on analysis of WBCs than of nasal swabs, suggesting that WBC fractions are more suitable than nasal swabs to assess the presence of virus during acute infection. Virus appeared to be cleared earlier in nasal secretions, because the majority of infected calves shed virus between days 2 and 7.
The distribution of virus in tissues of calves following infection was studied in a second experiment. BVDV and BVDV RNAs were detected in all types of postmortem specimens analyzed, indicating a systemic distribution following primary replication. Virus associated with migratory WBCs and particularly with lymphocytes and lymphoblasts is considered to have been responsible for virus dissemination to different organs or for the signals detected from those tissues, particularly with a highly sensitive technique like RT-PCR. A complementary study is being carried out by means of immunohistochemistry and in situ hybridization to investigate which resident cell types become subsequently infected.
Despite the presence of virus in all types of tissues analyzed, the association of BVDV infection with significant gross and histopathological changes was seen mostly in the organs of the respiratory tract and lymphoid tissue. Lesions such as acute catarrhal inflammation of the nasal mucosa and of the trachea and interstitial pneumonia were consistent with the clinical symptoms observed in the infected calves. All lymphoid tissues, regardless of the drainage site in the body, showed hyperplasia of germinal centers, followed by lymphoid depletion and mitosis, signs of infection, and destruction of lymphocytes followed by regeneration. It is interesting that the two calves that shed virus in the nasal mucosa at days 21 and 31 (calves no. 34 and 115) showed lesions associated with an early infection in lymphoid organs, in parallel with "old" lesions in other tissues. This further supports the conclusion that those calves were undergoing a recurrent infection, as indicated by virus isolation. The generalized infection of the lymphoid tissues is consistent with the lymphotropic nature of BVDV. We did not observe the restriction of cp BVDV to gut-associated lymphoid tissues as described by others (7, 29) . Thus we consider this feature to be associated with mucosal disease or with primarily enteric forms of BVDV infection.
The lack of clinical signs such as diarrhea in the infected calves in the present study (except for two calves with transient diarrhea in experiment 1) indicates that infection of gastrointestinal tissue did not result in significant impairment of gastrointestinal functions. This is consistent with the fact that gastrointestinal lesions were mild or absent in these experiments. In some cases, detection of BVDV in gastroenteric tissues (such as the rumen, abomasum, and colon) was achieved only after cultivation, indicating rather low amounts of virus in the tissues or presence of substances affecting the quality and/or yield of RNA. The presence of an eosinophilic infiltration in the intestinal submucosa (all infected calves) and in the Peyer's patches and ileocecal valve (up to day 10) seems remarkable. Similar scattered eosinophilic infiltration has been reportedly associated with lymphocytic infiltrates in ovaries of cattle subsequent to experimental acute infection with BVDV and immunization with a modified live BVDV vaccine (14, 15) . The significance of this phenomenon is, however, not known. Reports on the ability of BVDV to infect postnatal brain tissue have been contradictory. Although some experiments have shown evidence of brain infection in calves (17, 29) , virus could not be detected in other studies of similar tissue (8) . We found BVDV in the brain tissue of 4 out of the 10 infected calves in experiment 2. As this was not a generalized feature, it appears that infection of brain tissue must be conditioned by the state of development of the blood brain barrier, which varies from calf to calf. When infection of brain tissue becomes established, it seems extremely effective, as shown by ready isolation of BVDV from these specimens.
Since BVDV is detected for a longer period in other tissues than in peripheral WBC fractions or nasal secretions, determination of infection status based solely on analysis of these specimens may lead to false-negative results in an infected animal. The time of virus elimination in different tissues was not evaluated in this study. Shedding of virus in nasal secretions of two calves after clearance from the circulatory system suggests virus recurrence. Fray et al. (11) have reported intermittent shedding of a cp BVDV in nasal secretions of an experimentally superinfected PI calf in the absence of viremia but in the presence of serum antibodies. Among others, immunoprivileged tissues such as the brain and bone marrow, which in the present study were found to harbor virus even late in infection, might represent potential sites of virus sequestering. The overall implications of these findings are that sequestered cp BVDV may constitute a source of virus for recurrent infections and for recombination events with resident ncp BVDV upon infection of PI cattle.
All infected calves had seroconverted to BVDV positivity by day 21, which is in accordance with the 2 to 4-week time period reported for seroconversion to this virus (1) . The reasons for lack of a detectable antibody response in the contact calves, despite the development of clinical symptoms and viremia, are not clear. Probably a longer time is required for detection of measurable antibody following contact-mediated exposure.
In conclusion, these experiments revealed that viruses from cluster Id of BVDV are able to induce primary respiratory disease in previously seronegative, immunocompetent calves. Contact transmission and virus recurrence, contrary to observations from acute experimental infections with ncp BVDV, are likely to reflect differences in biological features of these cp isolates. Virus shedding and the presence of BVDV in tissues following peripheral clearance and in the presence of antibodies may have implications in the diagnosis, pathogenesis, and epidemiology of BVDV-induced syndromes in cattle.
